Gray mold (Botrytis cinerea Persoon) induced the accumulation of scoparone (6,7-dimethoxycoumarin) in the flavedo of fruit in all citrus species used in this study. The time-course of the accumulation of this compound was species dependent. In the fruit of 'Kiyomi' and Meiwa kumquat, scoparone accumulated gradually over several days after inoculation. No accumulation occurred in the non-inoculated citrus fruit. In several citrus species, including Tankan, 'Seminole', and 'Ellendale', Scoparone concentration increased up to 4 days after treatment. In 'Murcott', 'Triumph', and Yuzu, the maximum concentration was observed within 7 days of treatment. On the other hand, in 'Imamura-unshu', 'Kawano Natsudaidai', Ponkan, 'Morita Navel', Kinukawa, 'Eureka' lemon, kumquats, calamondin, and citrangequat, the increase in scoparone was much lower. These results suggest that scoparone is a phytoalexin induced by gray mold, accumulating in a broad range of citrus species.
Introduction
A number of constitutive and induced antifungal compounds have been identified from the reproductive organs of Citrus species. Scoparone is considered to be a citrus phytoalexin. A phytoalexin is defined as a lowmolecular-weight secondary metabolite that is formed de novo as a result of physical, chemical, or biological stress. It resists or suppresses the activity of fungal or bacterial disease. Its rate of production/accumulation depends on the host and pathogen genotypes (Purkayastha, 1994) .
Scoparone was isolated from the bark of citrus trunks and branches following inoculation with the fungus Phytophthora citrophthora (Afek and Stejnberg, 1988; Afek et al., 1986) . The concentration of scoparone was high and increased very rapidly within 24 h after inoculation in the resistant species; however, in the susceptible species, concentrations did not increase. In the non-inoculated control, the concentration of scoparone was very low (about 12-18 µg·g −1 FW), and no effect on scoparone production was observed (Afek and Sztejnberg, 1994) .
Postharvest losses of fruits and vegetables are usually heavy. Such losses are mainly due to pathogenic fungi, which primarily infect the host through wounds made during the harvesting, handling, and processing of the fruit. The fungus Botrytis cinerea (gray mold) is a ubiquitous pathogen with a broad range of hosts. It causes considerable damage to many crops of high economic value, including citrus, grape, peach, and apple. Both the quantity and quality of produce are affected. The use of antifungal phytoalexins is expected to improve the safety and volume of citrus production.
In this study, we investigated the response of citrus fruit to gray mold inoculation, which relates to the accumulation of scoparone in the flavedo tissue and resistance to decay in various citrus species.
Materials and Methods

Changes in the concentration of scoparone in
inoculated citrus fruits Fruits of the 'Kiyomi' and Meiwa kumquat were obtained directly from orchards in the middle of March, 2000, from the National Institute of Fruit Tree Science, Kuchinotsu, Nagasaki Prefecture. The skins of these fruits were washed with a 70% Et-OH solution and distilled water before inoculation with gray mold.
Gray mold (No. 2202) was obtained from the Laboratory of Plant Pathology at Kobe University and cultured on a potato dextrose agar (PDA) medium at a temperature of 25°C under continuous radiation from a near-ultraviolet (NUV) fluorescent lamp (FL30BLB, 3.6 × 10 6 W·cm −2 , Toshiba Co., Ltd., Japan). Sporulation occurred within a week. A suspension was prepared by flooding 7-day-old sporulated culture plates with sterilized water and dislodging the conidia by means of a funnel and cotton. The spore concentration was adjusted to 5 × 10 5 spores/mL with a haemacytometer. This concentration was determined to cause decay. Inoculation was performed according to the methods of Rodov et al. (1994) and Afek et al. (1999) , with some modifications.
Either on the day of harvest or one day later, gray mold was inoculated by causing a wound to the flavedo with a depth of 1 mm and diameter of 3 cm and injecting the spore suspension through it. In the control trials, sterilized water was used instead of an antagonist and/or pathogen spore suspension.
Inoculated and control fruits were incubated in the dark at 25°C, 100% RH. For seven days on a daily basis, the flavedo of the wounded area (1 mm depth and 3 cm diameter) was excised using knives, and five replications were collected. The samples were stored at −20°C.
The methods used for phytoalexin measurement were those of Kuniga et al. (2005) , as modified by Kim et al. (1991) . The samples were extracted with an 80% Et-OH solution, the solution was centrifuged and evaporated, and then the aquaeous phase was partitioned with CH 2 Cl 2 . The CH 2 Cl 2 fraction was dried and dissolved with 4 mL of 30% Me-OH. Two hundred micro liters of filtered solution was injected into the HPLC, and analysis was carried out by a JASCO LC800 system equipped with a C 18 column (Inertsil ODS2 4.6 × 150 mm, GL Science Inc., Japan). The gradient used was Me-OH 20-70% for 26 min, and the flow rate was 1.2 mL·min −1 at 40°C. Scoparone was detected using a fluorescence spectrophotometer (821-F Intelligent UV/ VIS Detector, JASCO, Japan). The fluorescence was monitored with excitation at 330 nm and emission at 400 nm. The retention time of the compound was 20.6 min. The scoparone concentration was calculated as µg per gFW.
Scoparone synthesis in various citrus species in
response to inoculation with gray mold Citrus fruits shown in Table 1 determined to obtain as many citrus species as possible. Inoculation and scoparone measurement were performed using the same methods as described in "1. Changes in the concentration of scoparone in inoculated citrus fruits". Five replicated samples were collected at the time of application and 4 and 7 days after treatment. In calamondin and kumquats, ten replications were collected.
To study the correlation between scoparone synthesis and the decay rate, the decay rate of inoculated fruit resulting from gray mold was measured in the replications at 4 and 7 days after treatment. In calamondin and kumquats, the decay rate was measured in 20 replications. The decay rate was calculated as a percentage.
Results
Changes in the concentration of scoparone in
inoculated citrus fruits The scoparone concentration in 'Kiyomi' and Meiwa kumquat flavedo increased following inoculation with gray mold. In Meiwa kumquat, the concentration of scoparone was 20 µg·g −1 FW at 4 days after treatment. In 'Kiyomi', it was 175 µg·g −1 FW at 5 days after treatment. After reaching its maximum, the concentration of scoparone began to decline and was 60 µg·g −1 FW at 6 days after inoculation. In Meiwa kumquat, the concentration did not decrease and reached a maximum of 26.9 µg·g −1 FW at 7 days after treatment at the end of the analysis period. Control fruits of both species showed little or no changes in scoparone concentration over the same period. The concentration was 0-21 µg·g −1 FW and 0-5 µg·g −1 FW in 'Kiyomi' and Meiwa, respectively (Fig. 1) . These values were much lower those in the inoculated flavedo.
Scoparone synthesis in various citrus species in
response to inoculation with gray mold The magnitude of the response to inoculation in the flavedo of fruits in terms of scoparone accumulation was cultivar-dependent (Fig. 2) . The highest accumulation of scoparone was recorded in Tankan at 4 days after inoculation. In addition, in 'Ellendale', 'Fukuhara Orange', and 'Seminole', the maximum concentration of scoparone was detected after 4 days. On the other hand, 7 days after treatment, 19 of the 30 species involved in this experiment reached their peak concentrations of the compound. In Yuzu, 'Murcott', and 'Triumph', the concentration of scoparone increased until day 7 after treatment. The increase in scoparone was much less in the following species: 'Imamura-unshu', 'Kawano Natsudaidai', Ponkan, 'Morita Navel', Kinukawa, 'Eureka' lemon, kumquats, calamondin, and citrangequat.
Within four days after treatment, the development of gray mold decay varied according to the species. Ponkan, 'Tsunokaori', 'Morita Nanel', Yuzu, and kumquats were found to be highly susceptible to decay. On the other hand, 'Imamura-unshu', Kunenbo, 'Hareyaka', 'Shiranuhi', Tankan, 'Kaiseito', Iyo, 'Seminole', Kinukawa, 'Sweet Spring', Hassaku 'Naruto', and 'Triumph' were resistant. However, the decay rate increased in 'Imamura-unshu' and 'Hareyaka' 7 days after treatment. Kunenbo, 'Kaiseito', Kinukawa, and 'Sweet Spring' did not show any signs of decay. Hyuganatsu, 'Eureka' lemon, Sweet Lime, and citrengequat showed intermediate signs (Fig. 3) . Those citrus species, with a decay percentage of less than 20% at 4 days after treatment, produced nearly 10 µg·g −1 FW of scoparone during the same period. It is noteworthy that species such as Iyo, Kunenbo, 'Sweet Spring', and Hassaku, which produced less than 10 µg·g −1 FW of scoparone, possess harder peel than other citrus.
Discussion
This study demonstrated the induction of scoparone accumulation in the flavedo tissue of citrus fruits after inoculation with B. cinerea. Several studies have reported that scoparone was involved in the defense mechanism of Citrus spp. against pathogens such as Diaporthe citri (Arimoto et al., 1986) , Phytophthora citrophthora (Afek and Sztejnberg, 1988) , Phytophthora gummosis (Afek et al., 1986) , and Penicillium digitatum (Rodov et al., 1992) . Arimoto et al. (1986) and Afek and Sztejnberg (1988) showed that scoparone was only slightly detected or absent in healthy organs. In this study, scoparone at very low levels was also detected in healthy fruit that was not stressed and was induced in citrus species after inoculation with gray mold. However, there were some differences in the maximum content and accumulation in the flavedo tissue after treatment. The changes in scoparone concentration in 'Kiyomi' and Meiwa kumquat which were harvested in March represented a typical example of such a case (Fig. 1) . 'Kiyomi' produced more scoparone than another species, and the amount increased rapidly.
In this study, scoparone increased in all species. There were differences in the time to reach the peak concentration of the compound. In 19 out of 30 species, the peak occurred at 7 days after inoculation, and, in the remaining 11, the maximum was reached at 4 days after treatment. These results suggest that scoparone is a phytoalexin against B. cinerea, and changes in scoparone concentration are citrus species-specific after inoculation with gray mold. The differences in scoparone concentration appeared to be related to maturity, the quantity of the substrate, synthetase, catalase, and other factors.
D 'hallewin et al. (1999) reported that fruit age affected scoparone that accumulated as a result of UV stimuli. The induction of scoparone synthesis in 'Kiyomi' was affected by the harvest dates in our results. In December, the scoparone concentration was 36.8 µg·g −1 FW at 7 days after inoculation. However, in March, the concentration was 175 µg·g −1 FW at 5 days after treatment. These results suggest that scoparone accumulation was affected by the age of the fruit. Afek and Sztejnberg (1988) showed that scoparone accumulation was associated with resistance of citrus to P. citrophthora. In that study, scoparone was induced in both resistant and susceptible fruits, but the concentration was higher and increased more rapidly in resistant fruits. Twenty-four hours after inoculation, the concentration of scoparone in the bark of the resistant species was about three times higher than that in the bark of susceptible species. The high concentration of scoparone within the first 24-48 h is critical to inhibit the advance of the pathogen in vivo (Afek and Sztejnberg, 1994) .
There was no correlation (4 and 7 days after) between the scoparone concentration and decay rate (r = −0.21 and −0.26). Some of the citrus species (Iyo, Kunenbo, Tankan, etc.) , with a decay percentage of less than 20% at 4 days after treatment, produced more than 10 µg· g −1 FW of scoparone during the same period. These results suggest that decay, especially at the initial stage of infection, is related to the accumulation of scoparone and peel hardness in some cases. Therefore, gray mold decay could be prevented by a pre-treatment that results in the production of a certain amount of scoparone.
However, the decay rate increased in 'Fukuhara Orange' 4 days after treatment in spite of the accumulation of scoparone. Therefore, there must be some different mechanism by which decay spreads in 'Fukuhara Orange'.
An understanding of the mechanism of synthesis of phytoalexin in citrus can help to explain the pattern of resistance to fungi. Further approaches are needed to analyze scoparone synthesis.
